Abstract: Geometries of 27 generated conformers of levoglucosan were optimized in vacuo at DFT level of theory combining several functionals with high quality basis sets. For the sake of comparison a reference molecular and crystal geometry obtained from 30 K single crystal neutron diffraction data was used. Analysis of the conformers' geometries revealed that in all stable conformers intramolecular twoor three centre hydrogen bonds were formed. Relative energy of the conformer, which approximated the molecule in the crystal structure the most, was only ∼3 kcal/mol higher, than the energy of the most stable conformer in vacuo. The largest discrepancies between the geometries calculated in vacuo and experimental geometry concentrated in the vicinity of anomeric C1. These differences were reduced by involving O1 to intermolecular hydrogen bond using a simple model of the respective hydrogen bond in the crystal.
Introduction
Carbohydrates constitute one of the most abundant types of biomolecules performing a broad biological role in living matter. They function especially as structural or protective materials and as energy storage. The biological, chemical and physical properties are in part determined by conformational behavior, which depends on relative orientation of substituents. In solid state, relative orientation of the substituents is, as a rule, partially influenced by formation of intermolecular hydrogen bonds. Recognition of the relation between molecular conformations and physicochemical properties has stimulated low temperature neutron single crystal diffractions studies of carbohydrates providing accurate reference information on molecular geometries and intra-and intermolecular interactions. However, the molecular geometry taken directly from a crystal may have, due to existence of several degrees of motional freedom, only a limited physical significance when e.g. studying interaction of a carbohydrate with a solvent or its behavior in a gas. In such a case, energy calculations of the conformers either free of packing constraints or with a well defined surrounding are used to explain conformational variability or formation of hydrogen bonds. A combination of single crystal neutron diffraction studies along with quantum chemistry calculation including correlation effects provides a complete picture of relation between solid state and free molecule properties. Although a free molecule calculation has well known limitations, when used judiciously they can reveal the changes, which are due to the crystal packing.
Levoglucosan (LG),1,6-anhydro-β-D-glucopyranose, C 6 O 5 H 10 ( Fig. 1) , is a very common product of carbohydrate pyrolysis. In practice LG is used as a starting material for synthesis of other carbohydrates, dextrin-like polymers and as a tool for determination of the conformation of anomeric glucosides [1] [2] [3] [4] . Since it is produced in glucose pyrolysis, it is also used as a marker for wood smoke tracing in environmental studies [5, 6] . For the later application, it is important that LG appears only in the emissions from vegetation combustions, while combustion of non-biomass materials does not produce LG. From the point of view of structural chemistry LG is interesting due to "bridged" ring structure, in which the pyranose ring is strained by the formation of the anhydro ring. Formally, the molecule can be derived from glucose by "subtracting" a water molecule, which results in a bicyclic ring structure.
Fig. 1 Formulae of levoglucosan (LG).
The aim of this study was threefold. First, to find the relationship between relative orientations of OH groups and molecular stability in vacuo by calculating conformational energies at different levels of theory. Second, to examine the strain induced by anhydride formation, because it partially influences geometry of the pyranose ring. Third, since in the crystal each molecule of LG is involved in extensive hydrogen bonds network through its three hydroxyl groups [7] , the influence of hydrogen bonds on molecular shape was also studied. The objective was to examine how do the orientations of hydroxyl groups influence the stability and geometry of the molecule in crystal. For the sake of comparison the reference molecular and crystal geometry obtained from the low temperature single crystal neutron diffraction data was used.
Methodologies

Neutron diffraction study
Neutron diffraction data was collected at the four-circle instrument SXD at the R2 reactor in NFL, Studsvik (Sweden). The monochromator system consisting of two Cu (220) crystals gave a wavelength of 1.206Å and a neutron flux of ca. 1 × 10 6 /cm 2 /s at the sample. A closed-cycle He-cryostat was used to cool the sample to 30 K. SXD was equipped with a single 3 He detector and the reflections were collected with a Θ/2Θ scan in 40 steps and a variable step-length of 0.1 to 0.3 degrees in order to match the resolution. Each reflection was scanned about seven minutes. All atoms were refined with anisotropic displacement parameters (Fig. 2) starting from the coordinates reported in [7] . Crystallographic data for LG were deposited with the Cambridge Crystallographic Data Center and allocated the deposition numbers CCDC 615420. These data can be obtained free of charge at www. . In this chain O4 is seen to be both donor and acceptor of hydroxyl hydrogens, O3 is a donor to O2 and the non-hydroxyl O1 terminates the chain. All these hydrogen bonds belong to the category of 'cooperative bonds' [8] . A three centre hydrogen bond O2(H) -(O4, O5) present in the structure consists of a 'major', H2...O4 (1.804Å), and a 'minor', H2...O5 (2.473Å) component. The H2...O5 separation is well within the limit for the minor components in such bonds [9] . The geometries of the weak C-H...O interactions found in LG fit well to the distributions reported in [10] .
DFT calculations
Geometries of molecules with closely spaced polar hydroxyl groups like mono and polysaccharides are affected to great extent by hydrogen bonds. Presence of weak bonds in the system pose a challenge for the computational methods, as their results are strongly affected by the ability of the theoretical method to treat adequately such weak interactions. Previous studies [11] [12] [13] [14] [15] have shown that reliable results for geometrical parameters and relative energies for carbohydrates can be obtained using B3LYP functional [16] in com-
Fig. 2
Atoms labeling and thermal ellipsoids (50% probability level) [35] for LG. 
bination with a basis set of at least double-zeta plus polarization quality. On the other hand, Barrows et al. [17] have shown that due to fortuitous error compensation the HF/6-31G* relative energies of some saccharides conformers agree well with those calculated at very extensive correlated energy level. Thus HF/6-31G* can be a useful method for a quick first screening of a large number of conformers. The quest for the most stable configuration in the conformational space defined by mutual positions of the three freely rotating OH groups was for obvious reasons restricted to 27 initial conformers generated by rotating the respective OH groups along threefold axes passing through C-O bonds. Each generated conformer was named by a three letter code, each letter standing for a dihedral angle: C3-C4-O4-H4, C2-C3-O3-H3 and C3-C2-O2-H2, respectively. A relevant dihedral angle equal or close to 60
• , -60
• or 180
• was denoted by G, G − or T ‡ , respectively. However, because these dihedral angles are quite sensitive to mutual interaction of OH groups as well as to their interactions with endocyclic oxygen atoms (O1, O5), they can deviate from these ideal values. In search for stable conformers of LG in vacuo their geometries were first optimized, in accordance to [17] , at HF/6-31G* level to identify possible improper conformations. The optimized structures were re-optimized using B3LYP potential [16] with 6-31+G** basis [18, 19] and Dunning's cc-pVDZ basis [20] . To further improve the accuracy of the relative energies of different conformers single-point (SP) calculations of the cc-pVDZ optimized structures at B3LYP/aug-cc-pVDZ level [21, 22] and with mPW1LYP hybrid functional [23] using Sadlej's TZP basis [24, 25] were performed. It was shown that mPW1LYP functional with a sufficiently flexible basis set yields essentially exact energy and geometry for the water dimer, the prototype of hydrogen bonded system [26] . Sadlej's TZP basis, particularly developed for calculations of electrical properties of molecules, has smaller basis set superposition error (BSSE) than any basis tested in [12] and energetic and geometry results are comparable with those for significantly larger bases. To test the ability of different methods to predict the molecular structure in the crystal, the molecular structure of LG was relaxed with B3LYP and 6-31+G** and ccpVDZ basis, respectively, starting with the molecular geometry corresponding to that which the molecule adopts in the crystal. The single molecule approach was extended first by one methanol molecule (Model A, heretofore) attached by hydrogen bond to LG, where OH group of the methanol molecule acted as a donor of hydrogen bond to O1 (Fig. 3) . This model was chosen to study anomeric and exo-anomeric effects connected with O1-C1 and O5-C1 bond lengths, which are known to adopt a variety of values due to their sensitivity to environment. Second, to account for all six intermolecular hydrogen bonds of LG, a larger model (Model B), including five methanol molecules and a fragment of LG bonded to LG molecule was chosen (Fig. 3) . The fragment was created from the anhydro ring of LG, where the C1-C2 and C5-C4 bonds were replaced by C-H bonds. The hydroxyl groups of the methanol molecules acted either as donors (O-H methanol . . . O2 and O-H methanol . . . O4) or acceptors (O2-H2. . . O methanol and O3-H3. . . O methanol ) of hydrogens. The O1 atom in the 'anhydro ring' fragment played the role of an acceptor in O4-H4. . . O1 fragment bond. The oxygen and carbon atoms of methanol molecules as well as of the 'anhydro ring' fragment were fixed at the positions of the respective O and C atoms of neighboring molecules in the crystal structure. All these calculations simulating intermolecular hydrogen bonds were done at B3LYP/6-31+G** level of theory.
All calculations were done using GAUSSIAN98 [27] A Fig. 3 LG with intermolecular hydrogen bonds simulated by five molecules of methanol and by one fragment of LG created from the anhydro ring of LG (Model B). Model A uses only LG with the methanol molecule labeled A. In both models conformer GTG was considered.
gence criteria for geometry optimization. Single Point energies were calculated with SCF=tight criteria as default GAUSIAN SCF criteria for Single Point calculations are too loose. During DFT optimization of some conformers poor convergence was observed.
In those cases use of UltraFine grid helped considerably, so all final calculations were done using UltraFine grid. Some preliminary calculations on HF and DFT level were also done using PC-GAMESS program [28, 29] .
Results and discussion
Stability of the conformers
After having fully optimized 27 generated conformers, only 16 of them proved to be stable at the HF/6-31G* level, the rest converged to either of these 16 stable conformers ( Table 2 ). All these stable conformers were further optimized at B3LYP/6-31+G** level. At this level only the conformer no. 16 (GTG − ) turned out to be unstable. However, it should be noted that the order of conformers with respect to their relative energies is the same for HF and B3LYP calculations within 0.03 kcal/mol (Table 2) , the only exception being conformer no. 9 (G − GG). Tightening of the convergence criteria resulted in smooth transition of this conformer to G − GT (conformer no. 4) at HF/6-31G* level, but not at B3LYP/6-31+G** level. Analysis of conformers' geometries revealed that in all 15 conformers stable at B3LYP/6-31+G** level intramolecular hydrogen bonds were formed (Fig. 4) . The geometry of these hydrogen bonds is summarized in Optimization of the remaining 15 conformers at B3LYP/cc-pVDZ level has further reduced the number of stable conformers to 12, for which the single-point energies were calculated at B3LYP/aug-cc-pvDZ and mPW1LYP/Sadlej levels. Calculations at B3LYP/6-31+G**, B3LYP/cc-pVDZ, B3LYP/aug-cc-pVDZ and mPW1LYP/Sadlej levels provided very similar energies for the five lowest-energy conformers no. 1-4 and 9. For higherenergy conformers (no. 8,10-15), probably due to lack of diffuse functions, cc-pVDZ energies are higher than for the other bases.
The conformer no. 13, obtained by optimization of the molecular geometry which LG adopts in the crystal, lies only ∼3 kcal/mol above the most stable gas phase conformer GGG. Qualitatively conformer GTG differs from the most stable conformer GGG by orientation of O3H3 group. In conformer GGG the O3H3 group points towards O1 atom, creating O3-H3. . . O1 bond, whereas in conformer GTG it is oriented outward. For further calculations conformer GTG was considered only since in crystal O3-H3. . . O1 bond is not present and the orientations of its OH groups resemble the ones in crystal the most.
Effect of strain
Because of formation of anhydro ring the pyranose ring in LG is strained. This strain can be expressed as a difference in hydrogenation energy for hydrogenation of LG and related acyclic (and thus unstrained) model molecule 1 (Scheme 1). Our "unstrained" model molecule 1 was chosen to be used for both hydrogenation on C1-O1 (bond 1 in Scheme 1, leading to the products 2 and 3) and O1-C6 bond (bond 2, leading to the products 4 and 5). Hydrogenation reactions were chosen because they are isodesmic (conserving the total number of bonds) and hence the errors from correlation energy, zero-point energy, etc., tend to cancel each other and reasonable results can be obtained even at a low level of theory [30] . Another isodesmic reaction which can be used for the strain calculation is hydration of LG leading to glucose, and respective hydration of the model molecule 1, both at bond 1 and 2, leading to molecules 2 and 5 (Scheme 1). The strain energy was calculated at B3LYP/6-31+G** level.
Both approaches, hydrogenation and hydration, resulted in the values equal within 1 kcal/mol. Hydrogenation on C1-O1 and O1-C6 bonds of LG led to strain energies equal to 7.4 and 8.4 kcal/mol, respectively. Hydration of LG led to strain energy equal to 7.3 kcal/mol. Hydration in both cases (i.e. on O1-C1 and O1-C6 bonds) led to the same product, β-glucose. It should be emphasized that either hydrogenation or hydration of LG gave the resulting pyranose ring in 1 C 4 conformation. This ring conformation is in case of β-glucose about 6.5 kcal/mol higher in energy than the most stable Fig. 4 Types of intramolecular hydrogen bonds found in the stable gas phase conformers at B3LYP/6-31+G** level. Conformers no. 1 and 3 create hydrogen bonds like in (A), conformers no. 2 and 4 (B), conformers no. 5, 6, 12, and 13 (C), conformers 7, 8, 10 and 11 (D), conformer no. 9 (E) and conformers 14 and 15 (F).
Scheme 1 Scheme of hydrogenation reactions used for calculations of strain energy in
LG.
conformation [20] . Park et al. [7] also proposed an alternative molecular structure of LG, in which the pyranose ring is boat-shaped and the hydroxyl groups are equatorially oriented. On the basis of simple molecular-mechanics type of evaluation of non-bonded interactions they estimated that this structure should be 0.7 -1.1 kcal/mol higher in energy. Our B3LYP/6-31+G** calculations find the most stable conformer of this boat shaped structure to be 1.4 kcal/mol higher than the most stable conformer (our GGG conformer) of structure with chair conformation of pyranose ring and axially oriented OH groups.
Molecular geometry and hydrogen bonding
Absolute deviations of calculated bond distances in conformer GTG from the experimental values are in Table 4 , while relative deviations for O-C and O-H bonds are in Fig. 5 . Concerning O-C distances at B3LYP/6-31+G** level (Fig. 5A) , the largest deviations concentrate in the vicinity of anomeric carbon C1 and O1. Calculated C1-O1 bond length (1.418Å) is shorter than C1-O5 (1.422Å), just in opposite to the experimental values 1.429(4)Å and 1.408(4)Å. For structurally very similar saccharide molecules these bond lengths are discussed in terms of anomeric and exo-anomeric effects [31] [32] [33] . As the geometrical consequences of anomeric and exo-anomeric effects are opposed for C1-O1 and C1-O5 bonds, they can adopt quite a wide range of values [34] . Analysis of the other interatomic distances obtained by B3LYP/6-31+G** method as well as of the results obtained for other carbohydrates [12, 13] suggested, that the order of C1-O1 and C1-O5 distances could not be just a failure of the method. Detailed analysis of all gas-phase conformers with intramolecular hydrogen bond O3-H3. . . O1 (conformers no. 1-4, 9, 14 and 15) obtained at this level of theory showed, that they had C1-O1 longer than C1-O5 bond, the difference being 0.02-0.03Å (Fig. 6 ). In contrast, in all the cases when O1 was not involved in a hydrogen bond, C1-O1 and C1-O5 distances agreed within 0.005Å. O1 atom does not participate in hydrogen bonding in GTG conformer whereas it is involved in a intermolecular hydrogen bond (Table 1) in the crystal structure. This fact could explain the difference between calculated C1-O1 and C1-O5 distances and their experimental values. Since in the crystal structure O1 is involved in intermolecular hydrogen bond (Table 1) , molecular geometry of conformer GTG was re-optimized using the Model A (Fig. 3) . From Table 4 it is seen, that even this simple model reduced the differences between the calculated and the experimentally determined values of C1-O1 and C1-O5 interatomic distances. From Table 4 it is also seen, that the more complicated Model B (Fig. 3) did not lead to further improvement of the accuracy of bond distances. However, newly created intermolecular hydrogen bonds with OH groups resulted in lengthening of all calculated O-H distances. This lengthening was accompanied by shortening of neighboring C-O distances. The only exception is C2-O2, where formation of the three centre O2-(O methanol , O5) bond did not further influence this distance. In comparison with experiment, Model B overestimated OH distances in contrary to our previous molecular calculations, which underestimated these distances (Fig. 5B) . The torsional angles C-C-O-H reflecting the orientations of the hydroxyl groups could not be reproduced by single molecular calculations, since a single molecule of LG tends to minimize its energy by involving all its OH groups in intramolecular hydrogen bonds (Table 3 ). In the crystal structure the situation is completely different and OH groups are oriented toward neighboring molecules and fixed by intermolecular hydrogen bonds (Table 1). For instance, the orientation of O2H2 is in conformer GTG fixed by intramolecular O2-H2. . . O5 bond, while in the crystal structure this bond appears as the minor component of a three centre hydrogen bond O2(H) -(O4', O5), where O4' is an acceptor from a neighboring molecule. From Table 4 it is seen that the Model B has accurately reproduced C3-C2-O2-H2 torsional angle. The above mentioned intramolecular hydrogen bond O2-H2. . . O5 was not broken and the creation of the three centre hydrogen bond is consistent with the crystal data. The value of C2-C3-O3-H3 torsional angle was also improved to a great extent compared to the situation in conformer GTG. However, an inspection of the value obtained for C3-C4-O4-H4 angle indicates that the Model B obviously appeared to be too simple to account for all effects of the environment.
Conclusions
Conformational calculations revealed that molecule of LG tends to stabilize itself in vacuo by formation of intramolecular O3-H3. . . O1 bond, whereas in the crystal structure intermolecular O3-H3. . . O2' bond is preferably formed. The isolated molecule is further stabilized by either O2(H) -(O5, O4) or O4(H) -(O5, O2) three centre hydrogen bonds. These three centre intramolecular hydrogen bonds cease to exist in the crystal and are replaced by newly formed intermolecular hydrogen bonds. The O2-H2. . . O5 intramolecular hydrogen bond than appears as the minor component of O2(H) -(O4', O5) three centre hydrogen bond. The O4(H) -(O5, O2) bond is replaced by O4-H4. . . O2' bond. The most stable conformer at all calculated levels is GGG. However, the relative energy of the conformer the most resembling the molecule in the crystal structure (GTG) was only for ∼3 kcal/mol higher than that of GGG. The GGG conformer differs geometrically from the GTG only by O3-H3 pointing toward O1. The largest geometrical discrepancy of GTG conformer with experiment at B3LYP/6-31+G** and B3LYP/cc-pvDZ levels of DFT theory condensed in the vicinity of anomeric carbon C1. These discrepancies were removed by optimizing the GTG conformer's geometry with methanol molecule as a hydrogen bond donor to O1. It was found that even a relatively simple model of crystal environment used in our molecular calculations gave a good agreement between experimentally determined and calculated torsional angles involving two of three hydroxyl groups of LG. The strain caused by anhydride formation was calculated in the range 7.3-8.4 kcal/mol.
